Abstract. This work is divided into two folds. The first stage was to carry out a statistical study of geotechnical soil parameters obtained for a housing project. This comprised analysis of the mean, standard deviation, coefficient of variance, histograms, cumulative densities and normal distribution laws. In addition correlation using linear regression analysis was carried out between pairs of soil parameters obtained from laboratory tests. Then autocorrelation functions were developed for pressuremeter modulus.
Introduction
The design of civil engineering structures requires a good knowledge of the subgrade. The first stage of a project is a geotechnical investigation as it allows the engineer to select representative values of soil characteristics necessary for the design. However, it is impossible to define in any point of a site the soil properties because the determination of representative parameter values is generally carried out on the basis of a few samples taken almost at random and in situ tests executed following a more or less wide mesh. This is why the development of methods of statistical analysis and probability for the characterization of physical and mechanical properties of soils should solve the problem of variability of soil parameters. Then the use of these statistical methods in the probabilistic foundation design might be more advantageous compared to traditional methods used at present.
Site Presentation
The project is located in a mountainous region (Medea) in Algeria and includes the completion of 500 and 200 housing units as part of a 2000 housing program. The investigation in situ comprised the completion of 11 boreholes of 15 ml, 6 boreholes of 20 ml, 5 pressuremeter tests of 10 ml, 60 dynamic penetration tests and 2 piezometers 20 ml each deep.
Analysis of the results indicated the presence of two main layers which are:
Layer 1: silty clay with a thickness of about 4 m Layer 2: gray marl
Statistical Analysis of Geotechnical Parameters
Data analysis will focus on the results of laboratory and in situ tests for model one layer (Site) and model two layers (clay and marl). The results compare values of the min, max, average, standard deviation and coefficient of variance (CV) for the 2 models. Several geotechnical parameters were analyzed such as the density, water content, degree of saturation, grading analysis, Atterberg limits, compressibility parameters, compression index, swelling coefficient, cohesion and angle of friction. As well as the results of pressuremeter tests.
Only limits results obtained for models one layer and two layers are provided on Table 1 and these show that the two layers are both plastic.
Analysis of Variability
Histograms and cumulative distribution of geotechnical parameters have been developed. Results for plasticity index (Ip) are shown on Fig. 1 . A graphical representation of classes is given in histograms shown in Fig. 2 .
From the results it can be seen that the Ip histogram for clay is identical to the site histogram. Hence to calculate the frequency or density of the site, clay data can be taken. Adopting Fig. 1 , the cumulative distribution of Ip is shown in Fig. 3 . Figures 4, 5 and 6 show Gauss normal laws f(z) and the corresponding probabilities for Ip for the whole site and layers of Clay and Marl respectively. 6 Spatial Auto-correlation
Analysis of spatial variability of physical and mechanical properties of the site was performed for the pressuremeter survey. The analysis was carried out in the vertical direction as it contained enough regularly spaced data. The purpose of this analysis is to determine the auto-correlation function which describes the representation given in the The auto-correlation is a measure of the dependence of two or more points in a data set. From measurements y i given x i equidistant from a property, the estimated value of the auto-correlation between two values distant by x can be defined as follows, Salloum [2] :
Where n is the number of measurements of the soil property and s is the shift of the data set. y i and y i þ s are values of the measured trends at x i and x i þ s respectively. Among the auto-correlation function models, exponential functions of the following form: C:e À s j j a can be used (Imanzadeh [3] ): s represents the distance between two points of the ground where it is desired to determine the correlation and a is the auto correlation distance.
A simple but approximate method for calculating the vertical scale of fluctuation is given by Vanmarcke [4] as follows:
Where d v is the vertical fluctuation scale and d is the average value of distances limited by the intersections of the trend function with the function n(z) of soil property.
Drift Average Values (Linear Regression)
Observation of measured values distributions of soil parameters as a function of depth leads to visually distinguish two layers: a 4 m thick followed by a layer of 6 m as shown in Fig. 8 . This represents measured values of pressuremeter module (EM) in a pressuremeter test. Table 2 shows the results of the function of autocorrelation adjusted for pressuremeter modulus data in the clay and the marl.
The auto-correlation function in the vertical direction of EM was determined for clay and marl. The best results were obtained with the exponential function (Figs. 9 and 10) for which the value of R 2 is the highest. The R 2 value obtained was found greater than 0.903, and the vertical autocorrelation distance was found around 0.52 m in clay and 0.59 m in the marl. This means that the pressuremeter modulus vary in the clay layer in an identical manner to the marl. 
Fondation Calculation
A probabilistic approach enables the study of the risk of failure by taking into account the variability of geotechnical parameters and also the variability of the pressure acting on the foundations. In what follows, traditional calculation results (Terzaghi, DTU, DIN) and Eurocode will be compared to probabilistic results, considering a normal distribution law.
Calculation of Bearing Capacity from Laboratory Tests
In the case of a strip footing, the bearing capacity under a vertical centered load is given by the following general relation (superposition method of Terzaghi):
With: q l and q: bearing capacity and vertical lateral pressure respectively Table 3 contains the formulas of these three factors according to the French, German and Eurocode conventional concepts. 
7.3 French Conventional Concept (DTU13.12) q r eel q ad ð5Þ q r eel , q ad : real stress applied to the foundation and allowable pressure respectively
7.4 Conventional German Concept DIN 1054
A: area of the foundation and Fs: global safety factor V b and V: Limit load and external load applied on the foundation 7.5 Eurocode 7.1 (Semi-probabilistic Calculation for Safety)
Partial safety factors are applied to the soil parameters (c, c, u). The bearing capacity calculation is calculated as follows:
The variation of c specific weight is very low, for this reason we take c ¼ 1. c u 0 ; c c 0 : Partial safety factors applied to u′ and c′ respectively Indices k and d mean characteristic value and design value respectively
Probabilistic Method
The few published work on this subject (Mounji et al. [5] , Chew et al. [6] ) has shown the importance of taking account of soil variability. In this work, the capacity (Q) and solicitation (S) are considered random variables each having a mean and standard deviation. The difference between the two random variables Z ¼ QÀS ð Þis called margin of safety and is also a random variable. A limit state is reached when Z ¼ 0 and failure occurs when Z \ 0, and the probability of failure can be defined as (Boutahir et al. [7] ):
Where R and S follow Gauss normal distributions, the safety margin (Z) also follows a normal distribution.
Whose mean and standard deviation are respectively:
The hatched area of Fig. 10 being the failure probability P f calculated with the integral:
Bearing capacity q l , based on random variables u, c and c The function q l u; c; c ð Þcan be developed into a Taylor series. If we take the terms of the lowest order non null, we can calculate the mathematical expectation y and the variance S 
The coefficient of variation of y will be:
In the case of q P (u, c and c), expressions (12) and (13) become:
7.7 Calculation Results
Traditional Method
The geotechnical investigation conducted on the site helped fix a founding level of 2 m depth below ground level. Widths calculations at this depth for a strip footing and for c1 ¼ c2 ¼ 20 kN=m3 and solicitation S ¼ 300 kN=ml are shown in Table 4 .
DTU, DIN and Eurocode Methods
The results are given on Table 5 .
The results show that the widths obtained from DIN approach are slightly higher than those of the DTU. However the results of Eurocode are much closer to the results of DIN for FS ¼ 3.
Probabilistic Method
The foundation is a strip footing width of B and parameters shown on Table 6 .
It is considered that the solicitation (S) and the capacity (Q) are random and follow a normal probability law and thus the safety margin (Z = Q-S) also follows a normal distribution.
The results of long-term load bearing capacities are summarized on Table 7 .
Values l q and s q used for the calculation of risk are determined from Table 8 . First Case: Assume that the load is constant of intensity S ¼ 300 kN=m, the probability of failure for widths B of 0.5 m; 0.75 m; 1.0 m and 1.5 m are summarized on Table 9 . Figure 11 shows the method of calculating the probability of failure for a width equal to B of 1 m.
Second case: We assume that the stress (S) and the capacity (Q) are random with a normal distribution, the load to be transmitted to the ground is characterized by the following values.
Results for probability of risk calculation are shown in Table 10 for different widths B. Figure 12 shows the distributions of Q and S in the case where the width B is 1 m. The results show that the risk of failure in the case of a variable load is negligible for widths ranging between 0.5 to 1.5 m. However in the case of a constant load, probability of failure varies from 60 (%) in the case of a 0.5 m width of foundation to 10 (%) in the case of a width of 1.5 m. In general for widths larger than 1 m the probability of failure is less than 20 (%). With traditional methods (Terzaghi, DIN and DTU) to obtain B values between 1 and 1.5 m, an Fs equal to 3 is required.
General Conclusions
The geotechnical investigation showed that the soil is composed of two essential layers namely a clay layer with thickness of 4 m followed by a layer of marl. In order to compare the results we decompose the soil in 2 models. The first model is the whole site as one layer (site) and the 2nd is a two-layer soil (clay and marl).
The results of the geotechnical parameters were presented in the form of histograms, cumulative distributions and normal laws. Regression equations were established between pairs of parameters and gave results comparable to those in the literature.
We presented an analysis of the spatial variability of the pressuremeter modulus EM. We found that if we assume that EM is an exponential function, the autocorrelation distance is approximately 0.5 m indicating that EM values are not dispersed.
Foundation calculations were carried out by traditional probabilistic methods. We showed that in the probabilistic approach bearing capacity is a random parameter because it is based on parameters c and u which are themselves random. Compared to traditional methods the probabilistic approach is a powerful calculation tool but requires to be utilized among practitioners. 
